Background/Aims: This study describes the peritoneal microcirculation, compares quantitative parameters and angioarchitecture to the standard of sublingual microcirculatory assessment, and determines the practical feasibility of this method. Methods: Incident dark field imaging was performed of the peritoneum and sublingually to determine angioarchitecture, total and perfused vessel density (TVD and PVD), the proportion of perfused vessels (PPV), the microvascular flow index (MFI) and image acquisition time. : 37-3: 32]; p = 0.916). Conclusion: The peritoneal microcirculation was characterized by a low capillary density and a distinctive angioarchitecture. The possibility of peritoneal microcirculatory assessment offers promise for the study of peritoneal (patho-)physiology and (monitoring or detection of) associated diseases.
Introduction
The peritoneum lines the abdominopelvic cavity and covers the majority of visceral organs [1] . It is essential for the regulation of the intra-abdominal inflammatory response [2] , exchange of peritoneal fluid [3] , and preven- tion of fibrosis [4] . Many pathological processes can affect the function of the peritoneal membrane. For instance, surgical trauma or inflammation and subsequent adhesion formation and fibrosis can decrease diffusion capacity, cause pain, impair female fertility, and hamper surgical interventions [4] [5] [6] . If the peritoneum is affected by metastases of gastrointestinal or gynecological malignancies, this ultimately leads to peritoneal carcinomatosis, which is associated with a poor clinical outcome [7, 8] . In case of endometriosis, endometrial tissue can affect the pelvic peritoneum, occasionally requiring surgery because of pain and infertility [9] . The previous are examples of processes that are not sufficiently understood and for which optimal and effective treatment is often not possible. This stresses the necessity for improved understanding of peritoneal (patho-)physiology.
When peritoneal structure and function are compromised in response to pathological processes, this is expected to result in changes to the vasculature [1, 6, 10] . Generally, the peritoneum is expected to have a relatively low blood vessel density; this can however be altered in response to disease [1, 11, 12] . Therefore, improved understanding of peritoneal vascularization patterns can facilitate insight into associated pathology, detection of disease, and development of new treatment strategies [13] .
Assessment of the peritoneal microcirculation should be considered a necessary first step. The introduction of handheld video microscopy imaging instruments has enabled direct visualization of the human microcirculation and creates an opportunity for imaging of the peritoneal microvasculature intraoperatively. So far, these devices were predominantly applied sublingually, to determine microvascular dysfunction in critically ill patients [14, 15] . They have also been used to assess oral mucosal wound healing and appraise the microcirculatory characteristics of different human organ surfaces such as the brain, skin, gut, intestines, conjunctiva, vagina, and liver [16] [17] [18] [19] [20] [21] [22] [23] [24] . This multitude of data emphasizes the importance of organ microcirculation and illustrates the broad applicability and potential advantages of these imaging modalities.
The current study aimed to use the CytoCam [25] , a recently introduced third-generation handheld microscope based on incident dark field (IDF) imaging, for visualization and assessment of the human peritoneal microcirculation. Measurements were performed during hepatic surgery in patients in which the peritoneum was not affected by pathology. It is hypothesized that peritoneal microcirculation is characterized by a relatively low vessel density and a distinctive vascular architecture. In order to be able to put such remarks into context, peritoneal microangioarchitecture and related quantitative parameters were compared to the current standard of sublingual microcirculatory examination.
Materials and Methods

Patients
In this single-center observational study, men and women undergoing major liver surgery were recruited at the Department of Surgery of the Academic Medical Center of the University of Amsterdam. Surgical procedures were performed in accordance with established institutional protocols and standards of care. The study complied with ethical principles and appropriate regulatory requirements of the European Union and the Netherlands. All patients received full explanation of the study procedures and provided informed consent. The protocol was reviewed and approved by the Institutional Review Board of the Academic Medical Center under number W17_259.
Hemodynamic Parameters
Hemodynamic parameters such as heart rate, arterial blood pressure and peripheral capillary oxygen saturation were acquired. Stroke volume and central venous pressure parameters were assessed with the FloTrac system (FloTrac, Edwards Lifesciences, Irvine, CA, USA) [26] . Arterial blood gas samples were collected to determine hemoglobin, pH and oxygen hemoglobin.
Microcirculatory Imaging
Peritoneal and sublingual microcirculation assessments were performed using IDF imaging (CytoCam Video Microscope System, Braedius Medical, Huizen, the Netherlands). This technique has been described extensively elsewhere [25, 27] . In summary, the CytoCam uses green light (530 nm) produced from a ring of lightemitting diodes arranged near the tip of the probe. This green light epi-illuminates the tissue of interest and is absorbed by oxygenated and deoxygenated hemoglobin in red blood cells. Unabsorbed light is scattered into the surrounding tissues as red blood cells appear as dark globules and can be recorded flowing within the lumen of the microvasculature. This results in sharp contour visualization of the microcirculation. The CytoCam is a digital computer-controlled camera that is lightweight (120 g) and shaped like a pen (length 220 mm, diameter 23 mm). It uses high-brightness green light-emitting diodes with a short illumination pulse time (2 ms) and a high spatial (14 megapixels) and temporal (60 fps) resolution. The combination of a factor 4 optical magnification and a large image area provides a field of view of 1.55 × 1.16 mm. The optical system provides an optical resolution of more than 300 lines/mm. The camera is connected to a device controller based on a powerful medical grade computer. Video clips are directly saved as digital AVI-DV files to a hard drive [25] .
Data Acquisition
Measurements were performed 10 min after laparotomy, before the start of the surgery. Three peritoneal measurements were performed on the right lateral peritoneal side of the abdominal cavity. The region of interest was at least 20 cm away from the laparotomy incision site. During peritoneal measurements, the DOI: 10.1159/000488392
CytoCam was covered with a laparoscopy camera cover (Camera Cover, Microtek Medical BV, Zutphen, the Netherlands) to create a sterile work field. The camera was placed into contact with the peritoneal surface gently and perpendicularly, in order to prevent pressure-induced artifacts. Subsequently, 3 sublingual measurements were performed according to a standardized procedure [28] . The sublingual microcirculation was assessed in the floor of the mouth, between the lingual frenulum and the sublingual fold.
Assessment of Angioarchitecture
The layout of the peritoneal and sublingual microcirculation was described and compared. Peritoneal angioarchitecture was examined and classified as 1 of 3 types of vascular patterns, as validated and described by Weber et al. [23] . These vascular patterns include the appearance of capillary loops (score 1), the appearance of capillary loops in combination with capillary networks (score 2), and the appearance of only capillary networks (score 3).
Quantifying Microcirculation and Comparison of Microcirculatory Parameters
Tissue perfusion depends on the number, distribution, and diameters of the capillaries in combination with blood viscosity and driving pressure across the capillaries. The two main hemodynamic principles governing oxygen supply to tissue are convection and diffusion. Convection is quantified by flow, and diffusion is quantified by the density of the perfused (= functional) microvessels. Flow is calculated by scoring the predominant type of flow across the microvasculature; this generates the microvascular flow index (MFI), a semiquantitative score ranging from 0 (no flow) to 3 (continuous flow) [29] . To quantify diffusion, the total and perfused vessel densities (TVD and PVD, respectively) and the proportion of perfused vessels (PPV) were determined. The PPV was calculated by scoring all vessels with a flow score greater than 1; see Figure 1. PVD can be calculated by multiplying TVD by PPV. Both TVD and PVD are expressed in millimeters per square millimeter. Each score was determined for small microvessels with a cutoff diameter of 25 µm.
Practical Feasibility
Image acquisition time was recorded and used as an indicator of practical feasibility. This feasibility was defined as the time it took to acquire 3 stable video sequences of the microcirculation. This applied to both peritoneal and sublingual measurements.
Image Analysis
After image acquisition, video clips were saved to a hard drive, and subsequent image analysis was performed off-line and blinded by the 2 investigators (Z.U. and A.W.K.). Aforementioned parameters TVD, PVD, PPV, and MFI were determined by softwareassisted analysis (AVA v3.2; Automated Vascular Analysis, Microvision, The Netherlands).
Statistical Analysis
Descriptive statistics was used to present the demographic variables. Non-Gaussian data sets are presented as medians and interquartile ranges (IQR), and normal Gaussian data sets are presented as means ± standard deviation. A nonparametric test was used for MFI (Wilcoxon signed-rank) and a paired t test was used for all other data. A 2-sided p value < 0.05 was considered statistically significant. All data were analyzed using SPSS, version 23.0 for Windows (IBM Corp., Armonk, NY, USA). 
Results
Patient Characteristics and Hemodynamic Parameters
Eighteen patients aged 32-78 years were enrolled in this study. The majority of patients (50%) were diagnosed with a cholangiocarcinoma for which they underwent a left or right hemihepatectomy (89%). Baseline characteristics of patients are presented in Table 1 . Table 2 summarizes the hemodynamic conditions during surgery. A total of 108 measurements were obtained; 6 measurements were performed in each patient, of which 3 were on the peritoneum and 3 sublingually. Of these measurements, 10 peritoneal (9%) and 8 sublingual (7%) measurements were excluded for analysis due to poor image quality; the final data set was based on a total 90 measurements. (Fig. 2) . The capillaries have a tortuous structure and make longer distances without connecting to other capillaries compared to the sublingual capillaries. The peritoneal microcirculation can be classified as a score 3 angioarchitecture: a vascular network is observed without the appearance of capillary loops. The peritoneal microcirculation was often flanked by fatty tissue; fat cells were therefore seen and appeared as large globular transparent structures. The quantity of fat cells varied between patients and was not consistent overall. The peritoneal microcirculation was flanked by fat cells in 10 (53% of the study population) patients. In 4 (21% of the study population) patients 100% of the field of view showed fat cells, and in 6 (32% of the study population) patients less than 50% of the field of view showed fat cells. Regardless of the presence of fat cells, microcirculatory assessment of the peritoneal microvasculature was easily possible due to their transparent appearance.
Assessment of Angioarchitecture and
Sublingual Microcirculation A sample of the sublingual microcirculation obtained with the CytoCam is shown in Figure 3 . The large vessels of the microcirculation (diameter > 25 µm) appear curly in structure. The capillaries had a less tortuous structure and make shorter distances with more interconnections to other capillaries as compared to the peritoneal microcirculation. The sublingual microcirculation also showed capillary loops (type 2 angioarchitecture); these loops primarily appeared in the most superficial layers just beneath the subepithelium of the mucosa, the papillary layer. These capillary loops do not appear in the deeper layers of the sublingual mucosa beyond the papillary layer, the microcirculation of this reticular layer is of a network type (type 3 angioarchitecture). According to the image quality score (17) , only 30% of the image should contain capillary loops for a good quality sublingual microcirculatory assessment. These capillary loops were not observed in the peritoneal microcirculation.
Microcirculatory Parameters
The peritoneal microcirculation was quantitatively characterized by low microvascular densities ( , PPV 100%, MFI 3). When analyzing the microcirculatory parameters in groups with different intraoperative hemodynamic parameters (lower and higher median for stroke volume and central venous pressure), no significant differences between the groups were observed.
Discussion
This study is the first to report on human peritoneal microcirculation assessed intraoperatively with IDF imaging. When compared to the sublingual microcirculation, assessment reveals significantly lower microvascular density and flow parameters, different morphological characteristics, and equal image acquisition times for each tissue. In order to discover the clinical value of the peritoneal microcirculation and to better understand the (patho-)physiology associated with the peritoneum, the ability to measure the peritoneal microcirculation is a necessary first step. These results demonstrate that assessment of peritoneal quantitative microcirculatory parameters and microcirculatory architecture is feasible, providing an opportunity for future research.
Within the scope of this study, the peritoneal tissue revealed a significantly lower microvessel density when compared to the sublingual microcirculation. This difference in density parameters (TVD, PVD) is most likely due to a different anatomy. The submesothelial stroma contains the peritoneal vasculature, of which vessels with a diameter of < 100 µm (i.e., arterioles, capillaries, and venules) form the peritoneal microcirculation [1] . The vasculature is organized in a single layer and the microvessels are arranged relatively spaciously, resulting in a low vessel density. This low vessel density possibly affects pathological processes such as the restrictive growth of metastases on the peritoneal membrane [8, 10] . Interestingly, not only the density, but also the peritoneal flow parameters (PPV, MFI) were significantly lower when compared to the sublingual microcirculation.
In another study by de Bruin et al. [17] , sidestream dark field imaging was used to examine and measure the microcirculation of the intestinal serosa. This study also revealed lower density parameters when compared to the sublingual microcirculation. However, the authors do not describe lower flow parameters. Hypothetically, the lower PPV and MFI could be the consequence of congestive pressure caused by the tip of the CytoCam. However, such pressure would be noticed by the researcher operat- ing the device. This would be visible as compression of larger vessels and consequently as absence of flow in these vessels. No absence of flow was observed in the larger vessels. Another explanation might be the time point of the measurements. In our study, the measurements were obtained just after the laparotomy skin incision, whereas de Bruin et al. obtained measurements at the end of the surgery. This might lead to redistributed flow in the microcirculation. However, since our results regarding quantitative parameters of the sublingual microcirculation are in agreement with previous studies [19, 20, 25, 28] , it seems that these differences cannot be attributed to the time point at which the measurements were performed.
The time for image acquisition was similar for peritoneal and sublingual assessments. The region of interest was easily accessible at both surfaces and there were no major movements that interfered with the stability of the device. In the case of sublingual assessments, removal of excessive saliva to avoid content artifacts took longest and determined the time to acquire a sublingual image. The difficulty that determined the time to acquire a peritoneal image was pressure artifacts. Use of an image or surface contact stabilizer, described previously by Balestra et al. [30] and validated by de Bruin et al. [31] , could help to avoid such pressure artifacts. This contact stabilizer is attached to the tip of the device as a ring and adheres to the region of interest by applying a mild negative pressure. The surface of the imaging probe tip does not adhere to the surface and protects it from pressure artifacts and movements.
Some points of consideration should be addressed regarding study design and practicality. Firstly, the assessment of the peritoneal microcirculation with IDF imaging is only possible when patients undergo laparotomy. Therefore, these measurements can only be performed in a limited selection of patients. This illustrates a practical disadvantage of IDF imaging. With the devices that are currently available, intra-abdominal measurements can only be performed after laparotomy. Possibly, development of a laparoscopic device can facilitate future research and the clinical application of measuring intraabdominal microcirculation during less invasive (laparoscopic) surgical procedures. On the other hand, it should be taken into account that the increased intra-abdominal pressure during laparoscopic surgery, i.e. the prolonged mechanical forces pushing against the peritoneum, could affect the peritoneal microcirculation.
Secondly, in an ideal situation, measurements would have been performed in a healthy control group. Nevertheless, we considered patients with liver pathology a relatively suitable patient population for measurements of unaffected peritoneum. In contrast to the visceral peritoneal veins that drain into the portal vein, parietal peritoneal veins drain directly into the vena cava, and flow is therefore not expected to be affected by liver pathology [32] .
Thirdly, the measurements were performed during liver surgery in patients under general anesthesia. Some literature suggests this could cause anesthesia-induced tissue perfusion changes and affect microcirculatory parameters [33] . Therefore, the measurements of the peritoneal and sublingual microcirculation were performed at the very beginning of the surgery, in order to minimize the effects of the surgery and the general anesthesia.
As mentioned above, this is the first study to report on the human peritoneal microcirculation assessed with IDF imaging. It provides unique data on in vivo dynamic and quantitative microvascular parameters and microvascular architecture. Such assessment in a pathological context should be considered a next step in future research regarding peritoneal tissue; it could facilitate the detection of pathology (peritoneal metastasis), assess reaction to treatment (the development of fibrosis after peritoneal dialysis, the effect of hyperthermal intraperitoneal chemotherapy) or contribute to improved understanding of the pathophysiology of peritoneum-associated disease (peritoneal carcinomatosis, endometriosis).
In conclusion, IDF imaging is a promising technique for the visualization and assessment of the peritoneal microcirculation. Imaging of the peritoneal membrane reveals a distinctive microvascular layout in which angioarchitecture is characterized by a quadrangular network of longitudinally oriented capillaries, often flanked by fat cells. Microvascular density and flow parameters are significantly lower than parameters measured in the sublingual microcirculation.
